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Abstract

The solid acidity of 12-tungstophosphoric acid (H3PW) supported on silica gel has been measured by calorimetry and
adsorption in liquid-phase using pyridine as probe. The results indicate a strong interaction of H3PW with silica, forming a
weaker catalyst (�H1 = −27.9 kcal mol−1 compared to�H1 = −32.7 kcal mol−1 for pure H3PW). However, there is an
increased amount of total titrated protons (sites) for the supported acid, which shows good dispersion of H3PW over silica.
The original low surface area of H3PW, which implies a small amount of protons available on the surface, is improved by
supporting on silica, and their protons become considerably exposed over SiO2 surface. The dispersion of H3PW on silica was
estimated from XRD pattern, and it decreases with acid content. FTIR spectra of supported H3PW–SiO2 reacted with pyridine
have shown the characteristic bands of Brönsted acid-type for the strongest site, and a weaker hydrogen-bonded acid-type.
FTIR spectra of mechanical mixtures of H3PW are similar to the supported samples, thus this method cannot distinguish these
materials. XRD characteristics can promptly differentiate between supported H3PW on silica and mechanical mixtures.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Keggin-type heteropolyacids (HPAs) have been
extensively studied because they possess many appli-
cations relating to strong acidic and redox properties
[1–8]. A wide range of acid strength, and relatively
high thermal stability of HPAs allows them to be used
in several acid-catalyzed reactions in homogeneous
solution, liquid–solid and gas–solid heterogeneous re-
actions. It has been demonstrated that HPAs are much
more effective in acid catalysis than protonic mineral
and organic such as sulfuric andp-toluenesulphonic
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acids [6]. 12-Tungstophosphoric acid (H3PW) is
considered the strongest heteropolyacid in the
series.

Heteropolyacids have been pointed out lately as
versatile green catalysts for a variety of reactions
(e.g. alkylation and acylation of aromatics, esterifi-
cation, liquid bi-phase processes)[9,10]. The green
aspects of HPAs catalysts have been discussed in
terms of fundamental properties of these compounds
in order to develop a sustainable chemistry point of
view [11]. Use of liquid catalysts such as H2SO4,
HF, andp-toluenesulphonic acid has been traditional,
but these are corrosive, toxic, and difficult to separate
from reaction solution[12]. There is an interest to
substitute those liquid acids by more environmentally
friendly solid acids[13]. Among many possible forms
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of HPAs used as catalysts, there are salt derivatives,
and supported heteropolyanions.

HPAs have been supported on different solids to
increase the surface area. One goal is finding a bet-
ter catalyst for reactions of non-polar molecules with
heteropoly compounds. The nature of reactants deter-
mines whether the reaction takes place in the bulk
or on the surface of the catalyst[14], and therefore
which is the best characteristic for the solid. It is
known that HPAs can absorb polar molecules into their
bulk leading to a pseudoliquid-phase type of cataly-
sis. Non-polar molecules react only on the surface or
between surface layers of the crystal[7]. Because the
surface areas of HPAs are usually very low, increasing
them through supporting HPAs may produce a catalyst
with higher activity for reactions involving non-polar
substrates.

Silica gel is the most often used carrier for HPAs.
SiO2–H3PW supported has been characterized by
XRD and TPD (temperature programmed desorption)
[15], microcalorimetry with ammonia adsorption
[16,17], and MAS-NMR[18,19]. It is claimed that no
distinct diffraction peaks appear on the XRD spectra
of supported samples, but when loading is higher than
20 wt.% a broad peak occurs at 2θ = 10◦, character-
istic of H3PW [15]. According to TPD of ammonia
adsorption[15], the strength of SiO2–H3PW sup-
ported is independent of amount of the heteropoly-
acid, but total acidity increases with H3PW content.
TPD [15] and microcalorimetry[16,17] with NH3
indicate that H3PW supported on SiO2 is weaker
than pure acid. The nature of interaction between
H3PW and SiO2 has been studied by1H and 31P
MAS-NMR. No difference in the1H NMR spectra of
SiO2 and SiO2–H3PW supported is observed up to
50 wt.% of H3PW, except that the Si–OH line inten-
sity drops as loading of H3PW increases[18]. It was
concluded that at concentrations below 50 wt.% of
H3PW over SiO2 the proton ambient is different from
that one in crystalline H3PW. This is also confirmed
by the shift in the31P NMR spectra for 3–60 wt.% of
H3PW supported on SiO2 [13,18,19]. The interaction
of SiO2 with H3PW is attributed to the formation
of (≡SiOH2

+)(H2PW12O40
−) species[19]. At con-

centrations up to 20 wt.% of H3PW, highly dispersed
anions species interacting with silica surface are pre-
dominant, while at higher than 50 wt.% content crys-
tals of free H3PW are formed on the silica surface

[18]. Various forms of the polyanions were observed
on silica surface using TEM (transmission electron
microscopy), including isolated molecules and clus-
ters of 50–500 Å in size, according to HPA loading
[20].

The goal of this work was to characterize the acid-
ity of H3PW supported on silica gel by calorimetry
and adsorption in liquid-phase (Cal-ad). The Cal-ad
method determines the number of sites (ni), equilib-
rium constants (Ki), and enthalpies (�Hi) for different
acid sites present on these solids, which is not obtained
by powerful thermal methods such as gas-phase mi-
crocalorimetry, and TPD. Comparison of the Cal-ad
results with those from free H3PW and silica gel is
discussed. Spectral data from XRD and FTIR were
used to identify structural features of H3PW on the
supported samples.

2. Experimental

2.1. Materials and preparation of
supported H3PW

Elemental and TG analysis of the H3PW (purchased
from Aldrich, and recrystallised before preparation of
solution for impregnation) revealed 16 moles of water
per mole of H3PW. Cyclohexane obtained from Fisher
was purified by drying over 4 Å molecular sieves for
24 h, and then distilled over P2O5. Pyridine obtained
from Fisher was distilled over CaH2. Dried samples
were stored in a container with 4 Å molecular sieves.
Silica used as support was Davisil® silica gel grade 62
with particles within 60–200 mesh and surface area of
260 m2 g−1, obtained from Aldrich.

The supported H3PW catalysts were prepared by
impregnation method. Aqueous solutions of H3PW in
HCl 0.01 mol l−1 (to avoid any hydrolysis of H3PW)
were prepared, with concentrations depending upon
the loading required to the support (e.g. 20 wt.%
H3PW) using 10 ml of the solution per gram of silica.
The support was added to the solution forming a sus-
pension. The suspension was stirred, and evaporated
at 80◦C until dryness. Then the solid was ground to
fine particles and dried in a reactor under vacuum.
All samples of supported H3PW–Silica were dried
at 200◦C for 6 h under vacuum before any measure-
ment. The concentration of H3PW on catalysts was
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measured by UV-Vis spectroscopy on the initial solu-
tions, and confirmed for tungsten content determined
by ICP.

2.2. Spectral data

Beckman DU-650 UV-Vis spectrophotometer and
quartz cells of 1.0 and 0.1 cm pathlength were em-
ployed for the adsorption experiment and measure-
ments of H3PW spectra, respectively. Infrared spectra
were obtained with Bomen MB-100 spectrophotome-
ter (4 cm−1 resolution, and 16 scans) in dried KBr
(Merck) pellets. The XRD patterns were collected
using a Rigaku D/Max-2A/C with Cu K� radiation
at 40 kV and 20 mA. A 2θ range from 2◦ to 40◦ was
scanned at 2◦ min−1.

2.3. Calorimetric and adsorption titrations

For dried samples of supported H3PW on silica, a
diluted pyridine solution in cyclohexane is added to
a slurry of the solid in anhydrous cyclohexane, and
the measurement of heat evolved and the equilibrium
amount of base in solution are determined in two in-
dependent experiments. The calorimetric data gener-
ates an isotherm of total heat evolved versus the total
moles of base added. Calorimetry does not account
for the amount of base in solution, but the adsorption
measurement provides this information producing an
isotherm of moles of base adsorbed (per gram of
solid) versus moles of base in solution. It is important
that the concentrations of base added and the ratio
(V/g) between the volume of solution (V) and the mass
of solid used (g) be the same in both calorimetric and
adsorption experiments to interchange data. Samples
of supported H3PW (1 g) were weighed and trans-
ferred to an isothermal calorimetric cell containing
a stir bar. For each titration, 100 ml of cyclohexane
was added to the cell. A calibrated syringe, filled
with a solution of known concentration of pyridine
(e.g. 0.1 mol l−1) was inserted into the cell along with
a thermistor and a heater coil. All these operations
were carried out in an inert atmosphere glove bag.
All details of calorimetric setup have been described
elsewhere[21]. Each titration was repeated three
times.

The adsorption experiments were carried out us-
ing 1 g of solid, weighed inside the dry box, and

added to a sealed three neck round bottom flask with
100 ml of cyclohexane. The same calibrated syringe
from the calorimetric experiment was used for ad-
dition of pyridine in this experiment. Then, a 1 ml
sample of solution was removed from the flask and
placed into a quartz cell of 1 cm pathlength and 1 ml
volume. One milliliter of cyclohexane was added
back into the flask in order to maintain a constant
volume. The absorbance of pyridine was measured
at 251 nm to determine its equilibrium concentra-
tion in solution using a calibration curve. Since the
amount of pyridine added was known, the amount of
base adsorbed by the solid was calculated by differ-
ence. Each adsorption experiment was repeated three
times.

In addition, to make sure there were no diffusion
problems for the experiments, time dependent UV
adsorption and heat evolved measurements were per-
formed (three time conditions for each experiment).
It was observed for standing times above 3 min, there
was no variation on the absorbance or the heat mea-
sured. Therefore, the experiments were performed
in the time scale of 3 min between each addition of
pyridine.

2.4. Cal-ad method of calculation

Solving data from calorimetric and adsorption ex-
periments simultaneously is the base of the Cal-ad
analysis[21–23]. The model employs multiple-site
equilibrium for the different active sites present
in a solid acid. A Langmuir-type equation is
summed over all sites of the solid, according to
Eq. (1):

h

g
=

∑ (
niKi[B]

(1 + Ki[B])

)
�Hi (1)

where h is the sum of the heat evolved (cal) from
the calorimetric titration;g the mass of solid (g);
[B] the concentration of base in solution at equilib-
rium (mol l−1); ni the number of each different site
(mol g−1); Ki the equilibrium constant for each site
(M−1); and�Hi is the enthalpy of reaction for each
site on the solid (kcal mol−1).

A simplex routine is used to calculate the parame-
ters. As the calorimetric titration does not measure the
equilibrium concentration in solution, this information
is obtained through a polynomial series, according to
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this expression:(
V

g

)
[T] = xn[B]n + xn−1[B]n−1 + xn−2[B]n−2

+xn−3[B]n−3 + · · · (2)

where (V/g) is the ratio of volume of solution (l)/mass
of solid (g); [T] the total concentration of base added
for each addition in the calorimetric experiment
(mol l−1); [B] is the equilibrium concentration of base
in solution (mol l−1). The polynomial is one degree
higher than the number of sites (e.g. for two sites a
third degree polynomial is used as shown inEq. (2)).
The xn terms have the following meaning for a two
site adjustment:

x3 = K1K2

(
V

g

)
;

x2 = n1K1K2 + n2K1K2 −
(

V

g

)
K1K2 [T]

+
(

V

g

)
K1 +

(
V

g

)
K2;

and

x = n1K1 + n2K2 −
(

V

g

)
K1 [T]

−
(

V

g

)
K2 [T] +

(
V

g

)
.

Estimates ofn’s andK’s are obtained from a Langmuir
analysis of the adsorption data usingEq. (3):

STB =
∑ niKi[B]

(1 + Ki[B])
(3)

whereSTB is the total number of moles of base ad-
sorbed per gram of solid. Cal-ad method has been
successfully applied for calculation ofK’s, n’s, and
�H’s for various solid acids, such as silica gel
[21], ZSM-5 [24], TS-1 [25], sulfated zirconia[26],
H3PW12O40 [27] and other solid acids.

3. Results and discussion

3.1. FTIR and XRD spectroscopic analysis

The supported H3PW samples were analyzed by
FTIR in order to confirm the presence of the Keggin

anion on SiO2. The PW12O40
3− Keggin ion structure

is well known, and consists of a PO4 tetrahedron sur-
round by four W3O13 groups formed by edge-sharing
octahedra. These groups, are connected each other by
corner-sharing oxygens[8]. This structure gives rise
to four types of oxygens, being responsible for the fin-
gerprint bands of the Keggin ion between 1200 and
700 cm−1.

Fig. 1 shows the typical bands for absorptions of
P–O (1080 cm−1), W = Ot (983 cm−1), W–Oc–W
(898 cm−1), and W–Oe–W (797 cm−1). These bands
are preserved on the supported samples, but they are
broadened and partly obscured because of the strong
absorptions of silica gel (∼1100, and 800 cm−1). The
Keggin bands are more evident for samples with W
contents above 8 wt.%. On the other hand, FTIR spec-
tra of mechanical mixtures of H3PW and SiO2 on the
same concentration range have shown similar char-
acteristics, as pointed out before for silica-supported
polyoxomolybdates[28]. Thus, ordinary FTIR cannot
distinguish unequivocally the difference between sup-
ported H3PW and mechanical mixtures with silica.

XRD patterns were obtained in order to be sure
H3PW was effectively supported on silica gel, and to
evaluate the dispersion state of the acid on support.
Fig. 2 shows the powder diffraction of the catalysts.
Amorphous silica gel displays only a broad band
centered at 2θ = 22◦. It may be noted some of the
diffraction peaks characteristic of crystalline H3PW
appeared on the supported catalysts. The number of
matching peaks in the range 2θ = 10–50◦ increases
with the heteropolyacid content on the silica support.
However, even for the sample with 7.6 wt.% H3PW,
XRD has shown larger peaks at 2θ = 25.2◦ and
34.4◦ (typical of pure H3PW). The peaks become not
only more evident on intensity, but also less broad
(in comparison with solid state H3PW pattern) as the
concentration of H3PW increases. Contrasting with
supported H3PW on silica, mechanical mixtures of the
acid with SiO2 exhibit sharp and narrower diffraction
lines, as formerly observed[15], more similar to crys-
talline H3PW. To make this comparison more effec-
tive, XRD of the 25 wt.% H3PW–SiO2 supported and
a mechanical mixture with identical mass of acid was
obtained. The mechanical mixture was prepared by
mixing H3PW with SiO2, grinding to finer particles,
and heating at 200◦C for 4 h. The results displayed
on Fig. 3 show clearly the pattern produced by that
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Fig. 1. FTIR spectra of: (a) SiO2; (b) 7.6 wt.% H3PW–SiO2; (c) 15.3 wt.% H3PW–SiO2; (d) 19.5 wt.% H3PW–SiO2; (e) 24.5 wt.%
H3PW–SiO2; (f) H3PW.

Fig. 2. XRD patterns of: (a) H3PW; (b) 24.5 wt.% H3PW–SiO2; (c) 19.5 wt.% H3PW–SiO2; (d) 15.3 wt.% H3PW–SiO2; (e) 7.6 wt.%
H3PW–SiO2.
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Fig. 3. XRD patterns of: (a) H3PW; (b) 24.5 wt.% H3PW–SiO2 supported; (c) 24.5 wt.% H3PW + SiO2 mechanical mixture.

mixture resembles the crystalline H3PW. The charac-
teristic reflections of H3PW present higher intensities,
and are less broad than the supported sample. Indeed,
all of these reflections shift to lower angles as con-
sequence of lack of chemical interaction between the
solids. It can be concluded that XRD for supported
H3PW is distinctive of mechanical mixtures of these
solids, and can be used to characterize these catalysts.

The dispersion of H3PW on silica gel support has
been estimated by the mean crystallite size from the
XRD patterns of the catalysts. The equation developed
by Scherrer[29] was applied to each sample using
2θ = 10.2◦ (h k l plane (1 1 0)), which is less influ-
enced by the diffracted broad band of non-crystalline
silica. The mean diameters of the H3PW crystallites
were 118, 144, 150, and 188 Å for the supported
H3PW–SiO2 with ca. 8, 15, 20, and 25 wt.% acid
loading, respectively. These data indicate a decrease
of H3PW dispersion when increasing acid loading,
which is expected based on formation of larger ag-
glomerates on silica surface with concentration of
acid impregnated on the support. For comparison,
crystalline H3PW (recrystallized and ground to parti-
cles approximately same average size of the supported

catalysts) shows a diameter of 320 Å, using the same
Scherrer equation. Therefore, higher dispersion of
H3PW clusters is achieved on supported catalysts.
The size of crystallites is in the range of that obtained
by TEM (50–500 Å) for isolated or agglomerated
particle[20].

3.2. Cal-ad analysis of silica-supported H3PW

Calorimetric titrations with pyridine were per-
formed in supported H3PW on silica with different
loadings of the polyacid. H3PW loadings ranging
from ∼8–25 wt.% were studied. Average enthalpies
results (calculated based on limiting reagent assump-
tion) for reaction of these solids are presented in
Table 1. These semi-quantitative results show that the
interaction of H3PW with SiO2 is strong (�HAVG =
−26 kcal mol−1), comparatively to pure SiO2 [21]
(�H1 = −12.6 kcal mol−1) for the strongest site, and
almost independent of heteropolyacid content from 15
to 24 wt.% of H3PW. Loading about 8 wt.% of H3PW
gives lower heats (�HAVG = −21 kcal mol−1), prob-
ably because at low H3PW content stronger interac-
tion with silica occurs and the responsible species for
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Table 1
Results of calorimetric titrations (25± 1◦C) of supported
H3PW–SiO2 with pyridine in cyclohexane

Sample H3PW
(wt.%)

H3PW/g
of solida

(mmol)

H+/g of
solida

(mmol)

−�HAVG

(kcal mol−1)b

HPW25 24.5 0.084 0.252 27
HPW20 19.5 0.068 0.204 26
HPW15 15.3 0.053 0.159 24
HPW8 7.6 0.026 0.078 21

a Value based on the real amount of H3PW supported.
b The average enthalpy is based on the first two or three

additions of pyridine in the titration, using the limiting reagent
approximation. To convert the enthalpy values to kJ mol−1 multiply
by 4.184.

acidity are different from that at higher content.1H
and 31P NMR [15,16] confirmed the formation of a
strong interaction between H3PW and SiO2, and at
concentrations up to 20 wt.% the species on the sur-
face are considered isolated. The average enthalpies
obtained in this work for these catalysts confirm the
spectroscopic results, since interaction is stronger for
supports with low content of H3PW, and less intense
with contents above 20 wt.%. Thus, at least partial

Fig. 4. Isotherms of calorimetry and adsorption of supported 24.5 wt.% H3PW–SiO2 reacted with pyridine in cyclohexane.

reaction occurs between H3PW and SiO2, forming a
weaker acid than the free H3PW. Finally, these exper-
iments accomplished the objective to obtain a rough
estimate of acid strength of those solid acids.

Dispersion of H3PW over silica on the supported
samples is also an important property for this type
of catalyst. In this sense, the monolayer capacity can
be estimated from surface area of silica and relative
size of H3PW crystals. Considering silica gel with
260 m2 g−1 and the Keggin anion occupying about
1.1 nm2, theoretically loading 52 wt.% of H3PW
saturates the surface. Nonetheless, results of31P
MAS-NMR [13] have indicated that the true saturation
of silica surface occurs at much lower acid loading
(about 20 wt.% H3PW). In addition, many works in the
literature have used silica as support with acid loading
about 20–25 wt.% for different reactions (e.g.[15,17]).
Based upon these results, a complete Cal-ad analysis
was made on 25 wt.% H3PW supported on SiO2.

The calorimetric and adsorption isotherms of
25 wt.% H3PW–SiO2 sample reacting with pyridine
in cyclohexane are shown inFig. 4. The Cal-ad data
were analyzed assuming the presence of two sites
and three sites. Three site fit shows a meaningless
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Table 2
Cal-ad results for supported 24.5 wt.% H3PW–SiO2

a for reaction
with pyridine in cyclohexane

n1 (mmol g−1) 0.102± 0.005
K1 (M−1) 6.7 ± 0.1 × 105

−�H1 (kcal mol−1)b 27.9 ± 0.7
−�G1 (kcal mol−1) 7.9
�S1 (cal degree−1) 66.7
n2 (mmol g−1) 0.310± 0.061
K2 (M−1) 3.8 ± 0.7 × 104

−�H2 (kcal mol−1)b 10.1 ± 2.9
−�G2 (kcal mol−1) 6.2
�S2 (cal degree−1) 12.8

a Davisil® silica gel grade 62 with surface area of 260 m2 g−1.
b To convert the enthalpy values to kJ mol−1 multiply by 4.184.

result for the third site with high standard deviation
errors for the parameters. The math adjust for two
sites gives not only better standard deviations on the
parameters, but also has the residual sum of squares
in the same order of magnitude of the experimental
error of calorimetric apparatus[30]. Table 2reports
the thermodynamic parameters for the interaction of
pyridine with supported H3PW (25 wt.%) calculated
by Cal-ad.

The enthalpy for interaction with pyridine of
25 wt.% H3PW–SiO2 on the strongest site (�H1 =
−27.9 kcal mol−1) is smaller than the enthalpy of
pure H3PW (�H1 = −32.7 kcal mol−1) [27], but
the number of sites is higher (n1 = 0.102 mmol g−1)
for the supported H3PW than the free acid (n1 =
0.079 mmol g−1). The second site shows an en-
thalpy of −10.1 kcal mol−1 and a number of sites
of 0.31 mmol g−1, while free H3PW shows�H2 =
−19.6 kcal mol−1 with n2 = 0.16 mmol g−1. The
FTIR spectrum shows the Keggin structure is main-
tained when H3PW is supported on silica, but the
protons are also connected to silanol groups of silica
gel. Therefore, more energy is needed to pyridine
displace the proton from the catalyst forming an ion
pair, leading to lower interaction enthalpies of this
base with supported H3PW. Nevertheless, on the
supported 25 wt.% H3PW, the total available pro-
tons are 0.225 mmol g−1 of catalyst (about one-fifth
of pure H3PW). Accordingly, about 45% have the
highest strength, while on crystalline H3PW (total
of 1.03 mmol g−1 of solid) only 8% of protons cor-
respond to the strongest site. These results suggest
that H3PW is well dispersed on silica gel leading to

more protons available on the surface area of catalyst
with relatively high acidity. For silica gel treated at
200◦C under vacuum, the thermodynamic param-
eters obtained[21] were �H1 = −5.5 kcal mol−1,
n1 = 1.12 mmol g−1, �H2 = −3.2 kcal mol−1, and
n2 = 1.30 mmol g−1. Based on the Cal-ad results,
there would be two possibilities to explain the lower
heat obtained for the second site of H3PW–SiO2
supported. Either the remaining protons of this solid
is inaccessible to pyridine molecules, and this leads
the titration to neutralize only remaining sites of
pure silica gel, or the second site is an average
of the weaker sites produced by interaction of re-
maining protons of H3PW with silica, and sites of
pure silica gel. The total number of sites titrated
(n1 + n2 = 0.412 mmol g−1 of solid) indicates not
only the protons brought in by H3PW are neutral-
ized, but there must be a contribution of silica gel
in the second site. An average of second site of
pure H3PW (�H2 = −19.6 kcal mol−1) with the
two sites of pure silica gel (�H1 = −5.5 kcal mol−1

and, �H2 = −3.2 kcal mol−1) would give a site
with about�H ∼ −9.4 kcal mol−1, which is close
to the value obtained by the H3PW–SiO2 supported
(�H2 = −10.1 kcal mol−1). In order to have some
evidence for the contribution of sites from silica gel
to this Cal-ad result, FTIR spectrum of the supported
sample was obtained after reaction with pyridine
(Fig. 5). The spectrum shows contribution of pyridine
adducts in the region 1800–1400 cm−1. Expanding
this region, it can be seen the formation of pyridinium
ion by absorptions at 1540, and 1488 cm−1. A band
occurring at 1640 cm−1 is not conclusive (although
considered as pyridinium ion) because some water
was presented on the preparation of the pellet sam-
ple. Also, there is a small band at 1447 cm−1 due
to hydrogen-bonded pyridine[31], which is present
on pure silica gel after reaction with pyridine[21].
Thus, it can be concluded the first site of 25 wt.%
H3PW–SiO2 supported is Brönsted-type, and the sec-
ond one is hydrogen-bonded type, which accounts for
the magnitude orders of enthalpies (�H1 and �H2)
obtained by Cal-ad. This FTIR spectrum clearly
shows some contribution of silica gel surface sites on
the supported samples, since only pyridinium ion is
present on pure H3PW [27]. Therefore, the second
site of H3PW–SiO2 supported is probably an average
of the second site of pure H3PW and silica gel.
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Fig. 5. FTIR spectra of 24.5 wt.% H3PW–SiO2 supported: (a) before, and (b) after reaction with 0.412 mmol of pyridine per gram of catalyst.

Comparison of acidity obtained by Cal-ad with
other methods is illustrative. The Cal-ad results are
not similar from TPD measurements with ammonia
[15], since no differences on desorption maximum
was evidenced. It should be mentioned that the sam-
ples on that report were activated at much higher
temperature (500◦C), and TPD profiles of supported
samples has shown broad peaks. Thus, the maximum
on TPD curves may be not so accurately determined.
On the other hand, microcalorimetry of ammonia
adsorption measurements[16,17] gave parallel re-
sults of Cal-ad, indicating the supported H3PW on
silica gel is a weaker acid than the free acid. For
a 20 wt.% H3PW supported on silica, initial heats
of ammonia adsorption is about−170 kJ mol−1 (ap-
prox. −40.6 kcal mol−1). This heat drops to approx.
−100 kJ mol−1 (approx. −23.9 kcal mol−1) around
the amount of total neutralization of protons[17].
It has been discussed the differences between mea-
surements in gas- and liquid-phase[30,32,33]. The
gas–solid data contain a dispersion component not
present in solution, which leads to larger measured
enthalpies values. In addition, pyridine and ammonia
have size and basicity not similar, and comparison is
not straight[27]. The smaller size of NH3 compared

to pyridine makes the former molecule reaching acid
positions in the lattice that pyridine may not be able
to react with. However, it can be conclude, indepen-
dent of the measurement method, H3PW supported
on SiO2 is a weaker acid than pure heteropolytungstic
acid.

4. Conclusions

This work reports thermodynamic parameters ob-
tained by calorimetry and adsorption measurements
for supported H3PW on silica reacting with pyridine
in cyclohexane slurry. The interaction of H3PW with
silica is almost independent of heteropolyacid con-
tent from 15 to 25 wt.%. The strength of 25 wt.%
H3PW–SiO2 supported (�H1 = −27.9 kcal mol−1) is
lower than free acid (�H1 = −32.7 kcal mol−1), but
the higher amount of available protons titrated with
pyridine (about 45% on supported compared to 8% of
free acid) from the strongest site demonstrates a much
better exposition of these protons. The higher dis-
persion of H3PW is confirmed by size of crystallites
supported on silica determined by XRD. In addition,
XRD patterns can differentiate supported samples
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from mechanical mixtures of H3PW and SiO2, which
cannot be evidenced by FTIR. The nature of sites
obtained by Cal-ad reveled pyridinium ion bands for
the strongest site (Brönsted) and hydrogen-bonded
pyridine to the weaker site of supported H3PW after
reaction with pyridine. The acidic order is consistent
to the literature results where free H3PW is stronger
than supported H3PW–SiO2.
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